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11-14 Emulsion polymerase chain reaction (ePCR)
provides another powerful tool for high-throughput genetic analysis because one can perform massively parallel single copy PCR reactions by partitioning statistically diluted targets (DNA or RNA) into small droplets dispersed in an oil phase.
15,16
Conventional ePCR has found many applications, including next-generation sequencing, 17 detection of rare mutations, [18] [19] [20] and quantification of DNA methylation. 21 However, ePCR also suffers from inherent limitations due to the use of mechanical agitation for emulsion generation, which produces high shear force and polydisperse droplet sizes. The transition to droplet microfluidics overcomes these limitations and has substantially improved the performance of emulsion-based bioassays. [22] [23] [24] [25] [26] [27] Microfluidic droplet generation technology enables the production of monodisperse droplets with precise control over the droplet size while maintaining high throughput. This capability not only enables uniform efficiency of enzymatic reactions or affinity binding 23 but also permits digital quantification of the absolute number of targets present in the initial sample. 26, 28 In addition, microfluidic encapsulation significantly reduces the damage to cells caused by vigorous mechanical agitation. Microfluidic operation is normally performed with a shear stress lower than 10 dyn/ cm 2 , while vigorous mechanical agitation can potentially generate much higher shear stress that can disrupt cells. 29 Our previous work indicated greater than 90% cell viability following microfluidic emulsification versus less than 80% for other encapsulation methods. 25, 30 Integrated microfluidic circuits also allow programmable in situ manipulation of droplets, such as droplet steering, trapping, 31 and fusion, 32 leading to a much broader spectrum of applications, including real time PCR, 23 protein expression studies, 27 and drug screening. 33 Our previous work established a high-throughput single copy genetic amplification (SCGA) technique based on the use of a hybrid glass-poly(dimethyl siloxane) (PDMS)-glass microdroplet generator (µDG) integrated with a three-valve diaphragm micropump for effective transport and encapsulation of large microbeads and cells into uniform nanoliter-volume droplets. 25 To enable detection of extremely low-frequency events in a vast population, herein we scale up the single-channel µDG to 4, 32, and 96-channel microfluidic emulsion generator array (MEGA) systems, further increasing the generation throughput up to 3.4 × 10 6 droplets per hour. In these MEGA systems, on-chip micropumps provide sufficient power to drive multiple droplet generators in parallel while the symmetrically designed microfluidic networks ensure even fluidic transport which is crucial for uniform droplet encapsulation. A new compact micropump composed of three coaxial ring-shaped valves is designed to enable the implementation of a 96-channel MEGA on a 4 in. wafer. This improvement simplifies device fabrication and operation and substantially reduces the dead volume.
The integration of multiplex PCR with high-throughput emulsion generation is valuable for the analysis of genomic deletion, forensic genotyping, mutation and polymorphism analysis, and identification of pathogens. 34 To detect and quantify both normal and mutant/pathogenic cells, herein we describe a multiplex single cell PCR approach, as illustrated in Figure 1 , which allows efficient high-throughput PCR amplification of multiple target genes specific to different cell types. In this process, primer-linked beads and cells are diluted in the PCR mix such that isolated Statistically dilute beads and templates are encapsulated into uniform nanoliter volume PCR-mix-in-oil droplets, which are then thermally cycled for PCR amplification. Each bead is functionalized with forward primers for all targets. PCR mix contains reverse primers each labeled with a unique fluorescent dye. Each bead in a droplet containing only a single target will carry one type of fluorescent amplicon after PCR, while a bead compartmentalized with two different templates or cells will be linked with multiple dye-labeled products. Following emulsion PCR, the droplets are broken and the beads are recovered and analyzed by flow cytometry for multicolor detection of the bound amplicons.
individual beads or cells are encapsulated into individual uniform reaction droplets dispersed in the carrier oil. Statistically, a small fraction of droplets will contain both one bead and one or more cells. Every bead is functionalized with forward primers for all targets, and the PCR mix contains reverse primers each labeled with a unique fluorescent dye. Thousands of such droplets, generated by MEGA chips within minutes, are collected in standard PCR tubes and thermally cycled in parallel. Each bead in a droplet containing only a single cell will carry one type of dye-labeled double-stranded amplicons after PCR, while a bead compartmentalized with different types of target cells will be labeled with multiple dyes. Post-PCR beads are recovered from the emulsion and rapidly analyzed by flow cytometry for multicolor fluorescent digital counting of each single cell detection event.
To demonstrate the utility of the multiplex single cell/copy genetic analysis (SCGA) technique for high-throughput single cell analysis of complex sample mixtures, we perform the detection and quantification of a major foodborne bacterial pathogen, Escherichia coli O157:H7, which alone causes an estimated 73 000 infections and 61 deaths annually in the United States.
35,36 Highthroughput digital multiplex SCGA allows us to detect and quantify pathogenic E. coli O157:H7 cells in a background of normal E. coli K12 cells with a detection limit on the order of 1/10 5 within a 30 min microdroplet generation time. Such sensitivity is critical for many applications, such as food safety, where microbial pathogen detection needs to meet a zero tolerance policy for many foods. 37 The results presented here also suggest that our technique has the potential for highthroughput single cell genotyping and quantitative detection of rare mutations in circulating fluids.
MATERIALS AND METHODS
MEGA Fabrication and Preparation. The four-layer MEGA chip shown schematically in Figure 2 is constructed from three 100 mm-diameter glass wafers and a thin PDMS membrane following a process similar to that described by Grover et al. 38 The glass channels were coated with octadecyltrichlorosilane (OTS, Sigma-Aldrich) to render the surface hydrophobic. The devices were assembled with a custom plexiglass manifold ( Figure  2D ) which provides fluidic connections for oil infusion and emulsion collection.
Cell Preparation. All cell culture and preparation were performed in a class II biosafety cabinet (Labconco, Kansas City, MO) to avoid contamination. Two types of cells, E. coli K12 (ATCC no. 700926) and nontoxigenic E. coli O157 (ATCC 700728), were grown separately in tryptic soy broth medium (TSB, Hardy Diagnostics K131, CA) overnight at 37°C. E. coli K12 cells were transformed with a 3.9-kb pCR 2.1-TOPO vector (Invitrogen, Carlsbad, CA) to confer ampicillin resistance and grown with 1 mg/mL ampicillin added to the media. E. coli O157 was untreated and frequently tested for contamination by PCR. Cells were washed three times in 1× PBS, and the final cell density was determined by using a hemacytometer. Bead and PCR Preparation. All samples were handled in a UV-treated laminar flow hood (UVP, Upland, CA). Primers specific to the KI #128 island on the K12 genome and the OI #43 island on the O157 genome were designed to prevent cross-amplification between strains. 39 Reverse primers were labeled with 6-carboxyfluorescein (6-FAM) or Cy5 dye on the 5′ end. The 5′ amine modified forward primers were linked to agarose beads (34 µm mean diameter, Amersham Biosciences, NJ) via amine-NHS conjugation chemistry. 25 The coupling reaction was performed at a ratio of ∼1.5 µmol of oligos per gram of beads for the pUC18 target. For E. coli cells, equimolar forward primers were used at a concentration of ∼0.3 µmol of oligo per gram beads. PCR mixes contain forward primer functionalized beads (40 beads/µL) and varied amounts of freshly prepared template DNA or cells.
Device Operation and PCR Quantification. A homemade pneumatic system controlled by Labview was used to operate the on-chip micropump. The microchip was prerun with a coating solution to minimize nonspecific adsorption on glass, PDMS, and tubing surfaces. PCR-mix-in-oil droplets were then generated at 5-8 Hz and collected into individual PCR tubes containing 40 µL of microfine solution 17 for subsequent thermal cycling. After emulsion PCR, beads were recovered from the droplets and analyzed using a multicolor flow cytometer (FC-500, Beckman Coulter). (See the Supporting Information for detailed methods.)
RESULTS
MEGA Design. The four-channel MEGA illustrated in Figure  2A is a multilayer device consisting of a bonded glass-glass microfluidic chip, a PDMS membrane, and a microfabricated manifold wafer. The glass-glass fluidic chip contains a microfabricated pattern of valve seats exposed on the top surface (blue), which is connected through a "via" hole to an all-glass microfluidic network enclosed between two thermally bonded wafers. The assembly is then completed by contact bonding a manifold wafer (magenta) onto the fluidic chip with a PDMS membrane to form the micropump structure. The microfluidic network consists of the symmetrically bifurcated channels for the aqueous phase (black) and oil phase (red), which form four parallel crosses or droplet nozzles at the junctions. The 4-channel array defines a basic unit that is used to build up multiplexed MEGAs, such as the 32-channel MEGA with eight such arrays integrated onto a 4 in. wafer ( Figure 2B ). Further multiplexing of the MEGA on a 4 in. wafer is restricted by the number of individual pumps that can be symmetrically arranged in a circle. To achieve a higher density, we designed a new ring micropump composed of three pairs of coaxial ring-shaped valve seats connected by offset channels, as well as corresponding circular displacement trenches ( Figure 2C , top right). This compact micropump, along with the T-shaped nozzle design ( Figure 2C , top left) enables the implementation of a 96-channel MEGA on a 4 in. wafer ( Figure 2C, bottom) . In 32-and 96-channel MEGAs, oil channels are connected to the oil inlet holes drilled on the bottom substrate of the device.
A manifold module is employed to support MEGA devices, as sketched in Figure 2D , providing oil infusion and routing generated droplets into PCR tubes for thermal cycling. The bottom part of the manifold is designed to form a circular oil reservoir when sealed against the MEGA chip. The oil pressure in the circular reservoir is uniformly distributed across the area on the bottom side of the chip, evenly infusing oil into channels via the symmetric inlet holes. This design minimizes the number of syringe pumps and tubing connections required for oil infusion.
Droplet PCR Performance of MEGAs. The symmetric design of the MEGA assures uniform fluidic transport across the array, leading to the generation of monodisperse droplets from all channels. A microphotograph in Figure 3A (left) demonstrates the generation of uniform 4 nL droplets by flow focusing at the cross-injectors of a 32-channel MEGA device. The droplets were collected from eight nozzles for the size measurement revealing a mean diameter of 198 µm with a size deviation of only 2.5% ( Figure 3A, middle) . Because of the pulsatile nature of the onchip diaphragm pump, the droplet formation rate corresponds precisely with the pumping frequency of 5.6 Hz. At this speed, the 32-channel device offers a total throughput of 6.4 × 10 5 droplets per hour (dph).
To characterize the performance of bead-based droplet PCR using the 32-channel MEGA, pUC18 DNA molecules were compartmentalized into ∼3 nL droplets at 1 copy/droplet as the templates, from which a 624 bp product was amplified. The post-PCR beads recovered from each PCR tube were randomly mixed prior to flow cytometric analysis. The result obtained from four droplet generators is presented in Figure 3A (right), showing that 60.5% of the bead population (459 events) gains FAM signal due to the bead-bound amplicons, in line with the value expected from Poisson statistics (63.2%). The fluorescence intensity of the positive beads indicates an averaged PCR yield of ∼150 amol of DNA product per bead, consistent with the yield obtained from our previous single-channel device. 25 The results from other channels confirm
Incorporation of a compact ring-shaped micropump in the 96-channel MEGA maintains the generation performance while increasing throughput. Uniform droplets can be formed from a mock PCR mix containing agarose beads by flow shearing at the T-shaped injectors ( Figure 3B , left, and the video in the Supporting Information). The mean diameter of the droplets collected from 16 nozzles via 4 randomly chosen outlets was determined to be 162 µm (2.2 nL) with a deviation of only 3.8% ( Figure 3B, middle) . Furthermore, such size uniformity is preserved across a range of droplet volumes (1-5 nL; RSD < 5%). When the on-chip pump is operated at 7 Hz, the device produces up to 2.4 × 10 6 dph. To assess the encapsulation performance of the 96-channel MEGA, single cell emulsion PCR was performed targeting the KI #128 island on the K12 genome. Bacterial E. coli K12 cells and the forward primer linked beads were introduced at a statistical dilution of 0.2 cells and 0.1 beads per 2.5 nL droplet, respectively. After PCR and isolation, flow cytometric analysis ( Figure  3B , right) shows that 15.1% of the total bead population (4423 beads) is strongly fluorescent, corresponding well to a theoretical value of 18.1% predicted by the Poisson distribution. This good agreement in yield indicates that successful single copy genetic amplification resulted from uniformly distributed cells and beads.
Pathogen Detection Using Multiplex Single Cell Genetic Analysis (SCGA).
Multiplex SCGA is demonstrated here by detecting pathogenic E. coli O157 cells in a background of normal E. coli K12 cells. Unique genes on the K12 genome (KI #128 island) and on the O157 genome (OI #43 island) are targeted by primers labeled with different fluorophores so that these two strains can be identified. For all pathogen detection, ∼2.5 nL droplets were used and beads were introduced at ∼0.1 beads per droplet (bpd). A four-channel MEGA device was operated for ∼18 min to obtain ∼3000 beads for flow cytometric analysis. A mixed E. coli bacterial sample containing 50% O157 cells was first analyzed at an average cell concentration (C avg ) of 0.2 cells per droplet (cpd) using a four-channel MEGA device. As seen in Figure 4A , the flow cytometry profile shows four distinct bead populations: 212 FAM positive beads due to the amplicons from K12 (7.93%, green), 198 Cy5 positive beads for O157 (7.40%, red), 45 double positive beads due to coexistence of both cell types in a single droplet (1.68%, orange), and 2220 negative beads (82.99%, blue). The O157 cell ratio (O157 positive beads/total positive beads) is then determined to be 0.48, in good accordance with the input O157 cell fraction of 0.5. Figure 4B presents the detection of a lower input O157 ratio of 1/10 at C avg ) 0.07 cpd: 5.20% of the beads are positive for K12, 0.66% are positive for O157, 0% are double positive beads. The experimental O157/K12 ratio of 1.1/10 is consistent with that expected.
Improving Throughput and Sensitivity. The multiplex SCGA process discussed above uses droplets/beads inefficiently because cells are highly dilute so that most droplets are empty. The detection of low-frequency genetic variations requires high analysis throughput in order to obtain the statistically significant population for the target. One way to increase the process efficiency is to perform multiplex SCGA at elevated cell density, while still keeping the cells of interest statistically dilute. This is realistic because the target pathogen or mutant cells are typically present at very low relative concentrations compared to normal cells. Figure 4C demonstrates the use of a four-channel MEGA device to detect E. coli O157 cells at a frequency of 1/10 3 . With an increase of C avg from 0.2 cpd ( Figure 4A ) to 10 cpd, the effective density of O157 cells is raised from 0.0005 to 0.01 cpd, reducing the number of droplets/beads that must be processed by 50-fold. In this case, all beads should be FAM fluorescent due to coencapsulated K12 cells, and the presence of O157 cells in the droplets will modify only a fraction of beads with the Cy5 dye. As expected, a vast majority of beads (1846 out of 1961 events, 96.13%) are FAM positive and a small fraction of double positive beads (102 events, 0.88%) are observed. The measured O157 ratio is determined to be 0.92/10 3 (the ratio of double positive beads over all positive beads divided by C avg ), close to the input, 1/10 3 . Multiplex SCGA preserves the quantitative performance for pathogen detection even when the average concentration is up to 100 E. coli cells per 2.5 nL droplet. As seen in Figure 4D , an experiment carried out at C avg ) 100 cpd records 11 O157 positive events in a total of 1167 events, giving an output of 0.98/10 4 in response to the input O157 ratio of 1/10 4 . When C avg is higher than 100 cells per 2.5 nL droplet, nonspecific amplification was found to be significant in the multiplex PCR assay, causing false positive scores for O157. To further improve the detection sensitivity, therefore, it is necessary to use highly multiplexed MEGA devices for highthroughput droplet generation. A 96-channel MEGA device was evaluated for multiplex PCR detection of E. coli O157 cells, where the device was operated at ∼7 Hz, allowing us to encapsulate up to 10 4 cells within a 5 min microdroplet generation time. As shown in parts E and F of Figure 4 , the experiments at input ratios of 1/10 3 (10 cpd) and 1/10 4 (100 cpd) detect 88 and 21 O157 positive events, giving output fractions of 0.94/10 3 and 0.85/10 4 , respectively. A small number of negative events were observed in Figure 4C -F, which may be due to cell debris aggregates or unlysed cells. We have optimized the bead cleaning protocol for the 96-channel trials to remove cell debris and other interfering species. The high percentage of positive events (>99%) in Figure 4E ,F results from the combination of high-efficiency droplet PCR and improved bead cleanup.
To verify that the observed performance is the result of digital quantification of each strain, we compare the percentage of positive beads obtained with various input ratios and average cell concentrations to that predicted by the Poisson distribution ( Figure 5 ). The multiplex detection is seen to follow Poisson statistics even when individual O157 cells were detected within a high background of 100 cells per droplet. The good correspondence indicates successful single cell emulsion PCR, which allows digital quantification of the absolute cell concentration. For instance, with C avg ) 100 cpd and O157 cells diluted to 1/10 4 in a K12 background, the O157 cell density is 0.01 cpd and the detection resulted in 0.91% ± 0.04% double positive beads, consistent with the predicted ratio of 0.995%. Because of the presence of negative events, the average percentage of O157 positive beads is corrected to be 0.93% ± 0.05% (double positive beads divided by total positive beads), from which the O157 cell concentration is determined to be 3.7 ± 0.2 cells/µL (input 4 cells/µL).
Limit of Detection and Dynamic Range. To determine the limit of detection (LOD) of multiplex SCGA for E. coli O157 detection, the assay was carried out at lower pathogenic ratios and C avg ) 100 cpd using a 96-channel MEGA. Figure 6A presents a representative analysis at an input ratio of 1/10 6 where the experimental output ratio (1.4/10 5 ) is 1 order of magnitude higher than that expected. In this case, to define a statistically significant population at the extremely low cell density (0.0001 cpd for O157 cells), a large volume of PCR mix (1500 µL) was used to produce ∼8 × 10 5 droplets within 20 min, which leads to 45 419 total events analyzed and 65 Cy5 positive events detected. The experimental readout at the input of 1/10 6 (1.8/ 10 5 ± 0.66/10 5 , n ) 4) is significantly above the expected value (p ) 0.01), indicating that there is significant background signal. It is seen in Figure 6A that the peak for K12 cells (FAM positive only) tails off into the Cy5 positive region, suggesting that the background could be attributed to misamplification caused by the nonspecific binding of O157 primers to the K12 templates. It is also possible that the false positive events stem from the buildup of trace environmental contamination in the lab during the analysis development process. Figure 6B shows a representative result obtained with an input ratio of 1/10 5 which detects 33 Cy5 positive beads. At this pathogenic ratio, the experimental readouts (2.4/10 5 ± 0.91/ 10 5 , n ) 4) are in the same order as the expected value and significantly different from that obtained at 1/10 6 at p ) 0.05 using the two-sample student's t-test. By subtraction of the background, the corrected value at the input ratio of 1/10 5 is determined to be 0.69/10 5 ± 0.34/10 5 (n ) 4). Figure 6C summarizes the background corrected calibration of E. coli O157 detection as a function of the input O157 fraction, which shows a linear dynamic range for O157 fraction higher than 1/10 5 (y ) 1.043x -0.033). From this plot, the concentration detection limit is determined to be 3/10 5 with a 99% confidence.
DISCUSSION
High-Throughput MEGA Devices. Continuous-flow microfluidic droplet techniques rely on external mechanical agitation, such as magnetic stirring, to maintain the uniform dispersion of objects with a higher density than the carrier fluid (e.g., cells, beads, etc.) during droplet encapsulation. 40 We found that the pulsatile nature of the integrated diaphragm pump effectively overcomes this problem of sedimentation. This observation was further confirmed by the reproducible results obtained for both single-copy DNA amplification and single-cell detection which agreed well with Poisson statistical analysis. However the generation rate from a single channel, determined by the frequency of pneumatically controlled pumping, is limited to ∼10 Hz for nanoliter-volume droplets because of the response time of the PDMS membrane in the valve structure (tens of milliseconds). 41 One of the advantages of the on-chip pump is that the microvalve structure can be precisely engineered to adjust pumping capacity, thereby conferring great flexibility in the multiplexing of droplet generators to increase throughput. Our results show that by increasing the valve dimensions for the singlechannel device by 20%, the pump is able to drive four droplet generators in parallel without changing the pump actuation pressure/vacuum. This four-channel design serves as a basic unit that is readily scalable to construct symmetric generator arrays for balanced fluidic transport and thus uniform droplet formation. We demonstrate a 32-channel MEGA device containing an array of 8 such pumps. A maximum of 12 on-chip pumps and 48 droplet generators can be arranged on a 4 in. wafer to produce a device that generates up to 1.7 × 10 6 dph. To further increase the throughput, we successfully implemented a new compact micropump composed of three coaxial ring-shaped valves, pushing the multiplexing limit on the 4 in. wafer to 96-channels. Utilizing the original pump array design would mandate a 6 in. device that would lead to increased dead volume and difficulty in fabrication and operation. Moreover, the operation of this integrated ring pump was found to be more robust than that of the array of individual pumps. In the pump array, bubbles trapped inside the valves of one or a few pumps can cause unbalanced fluidic pressure applied to the individual generators, resulting in the production of polydisperse droplets. In contrast, the 96-channel MEGA system integrated with the ring pump shows greater tolerance to bubbles, because the larger volume of the ring-shaped valves reduces the impact of bubbles on pumping and the entire droplet generator array is driven by a single pump. The successful implementation of 96-channel MEGA offers a throughput of 3.4 × 10 6 dph, which greatly lowers the detection limit and decreased processing time necessary for detection of low-frequency events.
Multiplex SCGA. Multiplex single cell PCR is the cornerstone of the high-throughput SCGA technique, which maximizes the genetic information extracted from each single cell detection event. In this process, it is critical to compartmentalize single cells and beads into monodisperse nanoliter-volume droplets. Our results clearly demonstrate that the droplet uniformity enables strict Poisson statistical analysis to calibrate the performance of digital single cell PCR which is determined collectively by the statistical encapsulation of beads and cells, cell lysis, and PCR reaction. Such analysis permits digital quantification of the absolute number of targets in the initial sample. Other digital PCR techniques using agitation-based emulsification fundamentally lack this capability because of the extremely polydisperse droplets produced. 18 In addition, the uniform droplets contain the same amount of reactants enabling a quantitative comparison of the PCR products. Thus one should be able to perform large-scale gene expression profiling at the single cell level by transforming reverse transcription-PCR (RT-PCR) assays to the SCGA format. 42 The multiplex SCGA displays great tolerance to PCR inhibition as the cell lysate and debris are significantly diluted in the large nanoliter droplets generated by MEGA, and each reaction is independent. Efficient and specific multiplex PCR amplification can be achieved even when each droplet is loaded with up to 100 E. coli cells on average, which greatly increases the analysis throughput and hence the detection sensitivity without excessively extending the droplet production time. This result indicates the feasibility of SCGA for the large-scale genetic analysis of larger and more complex mammalian cells. For instance, the analysis of cancer development and progression, circulating tumor cells, and stem cell differentiation, where single cell resolution may facilitate a deeper understanding of the biological mechanisms involved, can be envisioned.
Pathogen Detection. Most PCR-based microdevices reported the detection of only one bacterial strain by PCR, with detection limits ranging from a few to 10 4 bacterial cells. [43] [44] [45] Recent work in our group showed that PCR reactions in a 250 nL microreactor can detect E. coli O157:H7 in a mixture with the K12 strain down to a ratio of 1/500 46 and that the detection limit of the microscale PCR can be as low as 1/1000 by using on-chip affinity cell preconcentration. 39 Our quantitative digital format remarkably outperforms previous low-throughput microsystems with its capability to identify and quantify both E. coli O157 and K12 cells down to a pathogen-to-background ratio in the order of 1/10 5 ( Figure 6 ). Such sensitivity makes the technique a promising candidate to achieve the level of detection and speed required for zero-pathogen-tolerance policy. Droplet generation using the 96-channel MEGA requires less than 30 min run time to achieve a limit of detection of 1/10 5 . The entire procedure, including PCR thermal cycling, post-PCR cleanup, and flow cytometry, takes approximately 4 h and compares favorably to standard PCR-based detection assays while providing better sensitivity. In contrast, most commonly used methods today require at least 2 days to achieve this level of sensitivity since they rely on pathogen culturing. 37 The SCGA technique can be further extended to detect multiple pathogenic microorganisms in one sample. Compared to the small beads used in the "BEAMing" technique, the large surface area of the microsphere used here allows multiple different primers to be conjugated with a density that supports efficient on-bead PCR reaction for each target. Thus our detection multiplicity is limited primarily by the number of fluorescent dyes that a flow cytometer can detect (commonly five colors) since that is a relatively standard degree of PCR multiplicity.
We believe that the detection limit of our multiplex SCGA can be further improved to beyond one in a million. Some nonspecific amplification was observed when the 2.5 nL droplets were loaded with 100 E. coli cells. Although the multiplex PCR conditions have been optimized to minimize nonspecific amplification, it still can contribute to the false positive scores which limit the lowabundance detection to the level of 1/10 5 in this proof of concept work. In practical applications, we can perform droplet generation for longer periods of time at lower cell concentrations to minimize the effect of nonspecific PCR amplification and thus lower the detection limit. On the other hand, trace exogenous contamination from microorganisms and/or DNA present in air, reagents, and instruments may cause considerable interference at these extremely low-level detection limits. We did see false positive events occasionally in negative control experiments performed at a cell concentration lower than 1 cell/ droplet. Sample preparation and experimental operation with more stringent environmental controls should prevent contaminations and lower the detection limit to 1/10 6 or lower.
CONCLUSIONS
The past few years have witnessed remarkable progress in the understanding and use of microemulsions for high-throughput, sensitive biological analysis and next-generation sequencing. The results presented here show that the use of ultrahigh-throughput microfluidic platforms will enable large-scale quantitative genotypic studies of complex biological systems at the single molecule and single cell level. The multiplex SCGA technique enables the multiparameter acquisition of digital genetic information to elucidate the importance of stochastic variations in biological populations and should lead to the detection and numeration of rare mutants for clinical diagnosis of diseases, such as chromosomal translocations in blood cells for the early detection of leukemia and lymphoma and the measurement of minimal residual disease and relapse.
